After informed consent, 12 men with documented acute myocardial infarction had hemodynamic studies performed within 18 hours after onset of symptoms. These were repeated on the second day, at 3-5 weeks, and at 3-5 months in the 10 who survived. One half of the patients were "uncomplicated" and significant differences with the "complicated" patients were seen in pulmonary artery pressure, mean arterial pressure on the first day, acute phase stroke volume and cardiac index, and the total blood volume within 48 hours. The optimal heart rate at each stage was determined by atrial pacing and was found to be 110 10 beats/min. Abnormalities in pH, blood gases, and circulation time were related to the cardiac index. Control groups with and without coronary artery disease were studied prior to angiography to obtain information regarding preinfarction circulatory status, and significant impairment of the ejection fraction was noted even in angina patients without prior infarction. The sequential circulatory changes and possible compensatory mechanisms available were discussed.
A CUTE myocardial infarction remains a frequent cause of death in man. Although the majority of such deaths occur prior to hospitalization, the mortality rate in hospitalized patients has declined by approximately one third, mainly due to control of arrhythmias. Approximately 90% of current in-hospital deaths are associated with myocardial (power) failure. It is hoped that by early recognition of power failure and by institution of rational and effective therapy, including emergency cardiac surgery, the mortality of these hospitalized patients will be further reduced. Characterization of the patient's circulatory status by catheterization technics and measurements FRIESEN personis anid from patients with chronic atherosclerotic coronary artery disease.
Materials and Methods Subjects
The clinical characteristics and course of the six uncomplicated and the six complicated patients with acute myocardial infarction are illustrated in table 1. After informed consent 12 men were selected for study in the Coronary Care Unit within 18 hours of the onset of symptoms. Standard criteria were used for the diagnosis of acute myocardial infarction and included a positive hiistory, typical electrocardiagraphic finidings, and enzyme studies. There was no evidence for pulmonary or other systemic disease in these patients, and none gave a history of hypertension. All were in sinus rhythm, and none had heart murmurs. The mean age of the uncomplicated group was 59 years and that of the complicated patients 61 years, not a significant difference. The mean peak SGOT for the uncomplicated patients was 159 ± 87 and that of the complicated patients was 256 -+-175 tending to be higher in the complicated group. Chest roentgenograms were abnormal in fouir of the six in the complicated group, but were normal in all of the six uncomplicated patients studied.
Bedside Catheterization
All studies were performed at the bedside witlh the patient supine and resting quietly, clinically stable, and free of pain. Oxygen administration, analgesics, and sedatives were discontinued at least 4 hours prior to hemodynamic studies in all but one patient who was in shock and was receiving oxygen by nasal catheter.
Using local anesthesia, both right atrial and pulmonary artery electrode catheters were introduced by way of a cutdown over a median arm vein. The catheters were positioned using electrocardiogriaphic monitoring:3 and the position of the catheters confirmed initially by characteristic pressure responses and later by radiography. A radial artery cannula was inserted in most patients,4 buit in some a short cannula was inserted percutaneously into the brachial artery. The Swan-Ganz balloon flow-guided catheter5-, lhas been used for recent studies of pulmonary artery and pulmoniary capillary wedge pressulres. 
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inserted so as to allow the patient to return to a resting state. The electrocardiogram, intravascular pressures, and flow studies were recorded and blood samples obtained at rest and at each heart rate at which the heart was paced. The catheters were left in place following the initial study and were kept open overnight by infusion of a heparinized saline solution. Approximately 500 ml of 0.95% saline was infused in each patient prior to the studies on the second day, after which the catheters were removed. Flow studies were repeated 3-5 weeks later in the patients who recovered and they returned to hospital for more complete studies after 3-5 months.
Control Group
The preinfarction hemodynamic status and ventricular function of the patients considered above was not known and therefore a control group was studied. Forty-two patients with anginal chest pain undergoing routine investigation were studied in the catheterization laboratory prior to coronary arteriography. After resting hemodynamic studies were performed these patients underwent cine left ventriculography and coronary arteriography utilizing the Judkins' technic.10 Retrospective analysis of the angiographic data permitted patients to be placed in one of three groups. Six patients had both normal coronary arteries and myocardial function; 17 had greater than 50% stenosis of at least one major artery but reasonably normal myocardial contractility, considered coronary artery disease (CAD); and 19 had diseased coronary arteries with an abnormal ventriculogram (hypokinesia or akinesia-CADAVG). None of these 42 patients had valvular dysfunction or evidence for any other cardiac or systemic disorder. None had suffered a myocardial infarction in the preceding 3 months. All patients had both right and left heart catheterization studies performed together with cardiac outputs determined by the radioisotope technic and total blood volume measurements. In addition, left ventricular volume studies including determination of the ejection fraction (stroke volume divided by end-diastolic volume) were performed on 36 of these patients by the isotope-dilution technic using RISA injected into the left ventricle as described by Folse and Braunwald.11 The mean age. of the normal patients was 47 + 5 years, of the CAD group 54 ± 5 years, and the CADAVG group 52 ± 6 years. Atrial pacing studies were not performed in any of these patients as others have shown both in normal subjects and in patients with chronic stable heart disease with normal sinus rhythm that there is little change in resting cardiac output with induced tachycardia. [12] [13] [14] Statistical Analysis
All groups of data were analyzed using a one-way analysis of variance. The variances were tested for homogeneity. The difference between the means was considered significant if a probability of 0.05 or less was obtained for the F test on the mean squares. A multiple comparison of means was then made using either Scheffes' or Newman-Keuls' method to detect where a significant difference occurred (P < 0.05). Program Circulation, Volume XLVII, March 1973 ANOV15, Division of Educational Research Services, University of Alberta, was used for the computations.
Results

Study Groups Pressures
Comparable pressure data at the designated time intervals following acute myocardial infarction are shown in figure 3. Patients whose illness was complicated tended to have higher right atrial pressures, particularly on the second day, but there is considerable overlap. On the first day, the pulmonary artery systolic pressure (mm Hg) in patients without complications was 31 + 5, and 42 + 7 (P < 0.04) in those with complications. The pulmonary artery diastolic pressures in the two groups were 15 ± 3 and 21 ± 3 mm Hg, respectively (P < 0.04). During convalescence (3) (4) (5) fig. 3 ). Systemic vascular resistances were similar in the two subgroups, tending to decline more by the second day in the group without complications.
Flow Data
Cardiac output, cardiac index, and stroke volume for each subgroup are shown in figure 4 along with the influence of atrial pacing. The optimal heart rate is defined as the rate at which the higher cardiac output was recorded. In the patients without complications, no significant differences in the output were found at the optimal paced heart rate but the resting cardiac output proved to be greater by 48 Figure 4 The sequential flow studies at resting heart rate and at the optimally paced heart rate are illustrated. There was no difference between the subgroups of patients with and without complications on the first day, but by the second day a significant increase was found in patients with complications (P < 0.005) (fig. 5 ).
pH and Blood Gases Table 2 relates the arterial (A) and mixed venous (MV) blood gases and pH to the cardiac index on the first day and the convalescent period (3-5 months) in both subgroups. Patients R.M., A.M., and R.G., who had a cardiac index of 1.51 liters/min/m2 or less had wide A-MV pH and pCO2 differences and the lower MV P02 (24-25 mm Hg).
As the cardiac index rose above 2.2 liters/min/m2 in patients R.M. and A.M., these differences became normal. The ApO2 in the patients without complications tended to be higher than in those with complications in the acute phase, but there was some overlap. Patient R.G., who was in shock, had a metabolic acidosis not corrected by respiratory alkalosis.
Circulation Time
An inverse relation was found between the cardiac index and the right atrium-femoral artery circulation time as determined by the isotope method ( fig. 6 ), r =-0.731. These are preliminary data and are based on additional patients studied in the Coronary Care Unit and in the catheterization laboratory. The sequential change in total blood volume (TBV) is compared in the complicated and uncomplicated patients with acute myocardial infarction. The complicated group has a significantly higher TBV on the second day (P < 0.005). Comparative data are presented in figure 7 of the cardiac index, end-diastolic volume index, and ejection fraction (stroke volume/end-diastolic volume) in the normal group, the CAD group, and in the CADAVG group. The TBV (ml/kg) was normal in all three, being 60 ± 9 in the normal individuals, 65± 6 in those with coronary artery disease alone (CAD group), and 64+9 in those with abnormal ventriculograms in addition (CADAVG group). The resting left ventricular 11 + 6 in the CADAVG group. Although a trend was found toward a lower cardiac index in patients whose coronary disease was more severe, the difference was not statistically significant. The enddiastolic volume was found to be significantly greater in the CADAVG group than in the group of normal patients (P < 0.05). The ejection fraction was significantly lower in both the CAD and the CADAVG groups than in the normal individuals (P<0.05). The cardiac index in patients without complications in the series with acute myocardial infarction was higher in the first 48 hours than the indexes of the CADAVG group (P <0.05).
Discussion
In this study, patients who had valvular malfunction, anemia, overt pulmonary disease, or systemic disease which might affect the metabolic rate of the tissues were excluded so that a more precise determination could be made of the circulatory changes resulting from the acute myocardial infarction alone. catecholamines. Reduction of the peripheral vascular resistance may be an important compensatory mechanism permitting maintenance of the cardiac output while the work of the heart is reduced.
Renal retention of sodium and water leading to increased total blood volume with resultant increase in venous return, end-diastolic volume, and increased force of contraction (through the FrankStarling law) is particularly evident in the patients with complications ( fig. 5) . In fact, this may be one of the important mechanisms operating in these patients which gives rise to the observed improvement in stroke volume and cardiac output by 48 hours. Earlier volume expansion in the patient with power failure by intravenous infusion and titrating the volume against the pulmonary pressure'8 would seem to be a rational form of therapy in this group.
The optimal heart rate with respect to cardiac output at each stage of the infarction was found by atrial pacing to be approximately 110 + 10 beats/min. Although atrial pacing at this rate may be useful to treat arrhythmias or the patients whose cardiac output is low6 the induced tachycardia is not recommended in the patient without complications because the increased myocardial oxygen consumption may enlarge the infarct area. 19 An optimal heart rate appears to be particularly important when the increased sympathetic nervous FRIESEN system activity and expanded total blood volume fail to compensate for impaired tissue perfusion.
The bedside catheterization technics and hemodynamic studies described in this report can be used to evaluate therapy objectively in patients with acute myocardial infarction and can identify the patient before "pump failure" becomes clinically manifest. In the absence of pulmonary disease, a pulmonary artery systolic pressure (mm Hg) of over 40 and a pulmonary artery diastolic pressure (or pulmonary wedge pressure) of over 20 would indicate severe impairment of left ventricular compliance. In the acute phase, a cardiac index of less than 2.5 liters/min/m2 with a stroke volume of less than 50 ml/beat, arterial hypotension, and a right atrial-femoral artery circulation time beyond 18 sec suggest pump failure. With further tissue perfusion failure, the A-MV pH and pCO2 differences widen (see Results) and the MV pO, falls below 28 mm Hg. The degree of arterial hypoxemia is roughly related to left ventricular failure20 but is not as reliable as the above indices since there is a rather wide variation in the normal ApO2 in patients in this age group and particularly those on bed rest. The development of metabolic acidosis in the shock syndrome can best be studied using the MV blood as the associated respiratory alkalosis may normalize the ApH.
Keon has reported on the use of emergency veinbypass grafts in cardiogenic shock patients21 and, in retrospect, patient R.G. would have been a very good candidate since he had only one occlusive lesion in the proximal main left coronary artery. His severe pump failure was recognized by these hemodynamic studies hours before his demise.
